Magnetic resonance spectroscopy (MRS) and the related technique of magnetic resonance spectroscopic imaging (MRSI) are widely used in both clinical and preclinical research for the non-invasive evaluation of brain metabolism. They are also used in medical practice, although their ultimate clinical value continues to be a source of discussion. This chapter reviews the general information content of brain spectra and commonly used protocols for both MRS and MRSI and also touches on data analysis methods and quantitation. The main focus is on proton MRS for application in humans, but many of the methods are also applicable to other nuclei and studies of animal models as well.
Introduction
In vivo magnetic resonance spectroscopy (MRS) of the human brain has developed rapidly since its first observation in the 1980s (1, 2) . Early studies in both humans and animals focused on the 31 P nucleus which allowed the measurement of energy metabolites such as phosphocreatine and ATP, as well as inorganic phosphate and phosphoesters (1) . With the development of improved techniques for spatial localization and water suppression, proton MRS became more prevalent in the 1990s because of its higher sensitivity and greater convenience (since it can be performed without hardware modification on most MRI machines, unlike MRS of other nuclei) (3) . While interest remains, particularly at high magnetic field strengths, in nuclei such as 31 P, 23 Na, and 13 C (particularly for isotopically labeled and/or hyper-polarized molecules (4)), the vast majority of brain MRS studies in vivo use the proton. The remainder of this article therefore focuses on protocols for 1 H-MRS.
N-Acetylaspartate
NAA is the largest signal in the normal adult brain spectrum, resonating at 2.01 ppm, with a small and usually unresolved contribution from N-acetylaspartylglutamate (NAAG) at 2.04 ppm (9, 10) . NAA is one of the most abundant amino acids in the central nervous system. It has been speculated to be a source of acetyl groups for lipid synthesis, a regulator of protein synthesis, a storage form of acetyl-CoA or aspartate, a breakdown product of NAAG (which, unlike NAA, is a neurotransmitter), or an osmolyte (11) . NAA is synthesized in neuronal mitochondria, from aspartate and acetyl-coA. NAA is often referred to as a "neuronal marker," since immunocytochemical studies have suggested that NAA is predominantly restricted to neurons, axons, and dendrites within the central nervous system (12) . However, other studies have suggested that NAA may be found in nonneuronal cells, such as mast cells or isolated oligodendrocyte preparations (13) (14) (15) . Overall, NAA does appear to be a good surrogate marker of neuronal health, but (as with all surrogate markers) it may sometimes change independent of neuron cell density or function.
Choline
The "choline" signal ("Cho," 3.20 ppm) is a composite peak consisting of contributions from the trimethylamine groups of glycerophosphocholine (GPC), phosphocholine (PC), and a small amount of free choline itself (16) . These compounds are involved in membrane synthesis and degradation, and they are often elevated in disease states where increased membrane turnover is involved (e.g., tumors). Glial cells have also been reported to have high levels of Cho (17, 18) . Other pathological processes which lead to Cho elevation include active demyelination (19) , either resulting from the degradation of myelin phospholipids primarily to GPC or perhaps due to inflammation (20) . Low brain Cho has been observed in hepatic encephalopathy (21) , and there is also some evidence to suggest that dietary intake of choline can modulate cerebral Cho levels (22).
Creatine
The "creatine" methyl resonance ("Cr," 3.03 ppm) is a composite peak consisting of both creatine and phosphocreatine, compounds that are involved in energy metabolism via the creatine kinase reaction, generating ATP. A resonance from the CH 2 of creatine can also be observed at 3.91 ppm. In vitro, glial cells contain a two-to fourfold higher concentration of creatine than do neurons (23) . Creatine also shows quite large regional variations, with lower levels in white matter than gray matter in normal brain, as well as very high levels of Cr in the cerebellum compared to supratentorial regions (24).
Lactate
The lactate resonance (a doublet with a 7 Hz coupling constant centered at 1.31 ppm) is usually not detectable in the brain under normal conditions. However, lactate is often detected by MRS in pathological conditions such as acute hypoxic (25) or ischemic (5, 26) injury, or in brain tumors (27) or mitochondrial diseases (7, 28).
myo-Inositol
One of the larger signals in short echo time spectra occurs from myo-inositol (mI) at 3.5-3.6 ppm. mI is a pentose sugar, which is part of the inositol triphosphate intracellular second messenger system. Glial cells in vitro have been shown to contain higher levels of mI than neurons (29, 30) . mI has been reported to be reduced in hepatic encephalopathy (31) , and increased in Alzheimer's dementia (32) and demyelinating diseases (33).
Glutamate and Glutamine
Glutamate (Glu) is the most abundant amino acid in the brain and is the dominant neurotransmitter (34) . At 1.5 T, there is almost complete overlap of Glu and glutamine (Gln), and they are detected as a composite "Glx" peak (21) . At higher fields (3.0 T and above), Glu and Gln become better resolved and can be quantified individually with good accuracy using appropriate spectral analysis techniques (35) . Glu has been found to be elevated inMS plaques (36) , and elevated cerebral Gln is commonly observed in patients with liver failure (for example, hepatic encephalopathy (31) and Reye's syndrome (37)).
Less Commonly Detected Compounds
Approximately 25 additional compounds have been detected in proton spectra of the human brain (Table 9 .1). Some of these compounds are present in the normal human brain, but are difficult to detect routinely because they are very small and/or have overlapping peaks. Some examples of these compounds include NAAG, aspartate, taurine, scyllo-inositol, betaine, ethanolamine, purine nucleotides, histidine, glucose, and glycogen (38) . Other compounds are yet more difficult to detect and require the use of "spectral editing" techniques (see later), because in conventional spectra they overlap and are obscured by much larger signals. Examples of compounds requiring spectral editing to be measured include γ-amino-butyric acid (GABA) and glutathione (GSH) (39, 40) .
Some compounds are only detected under disease or other abnormal conditions. Examples include the ketone bodies β-hydroxy-butyrate and acetone (41, 42) in patients who are ketotic and other compounds such as phenylalanine (in phenylketonurea (43)), galactitol, ribitol, arabitol in "polyol disease" (44), and succinate, pyruvate, alanine, glycine, and threonine in various disorders.
Exogenous compounds which are able to cross the blood-brain barrier may be detected by proton MRS; examples include the drug delivery vehicle propan-1,2-diol (45), ethanol (46) , and methylsulfonylmethane (MSM) (47) .
Histidine, homocarnosine, and the amide resonance of NAA are low signal intensity compounds downfield from water which can be detected by the use of short echo times, appropriate water suppression methods, and high magnetic field strengths. Using oral loading of histidine, Vermathen et al. were able to estimate brain pH from the chemical shift difference of the C2 and C4 resonances of the imidazole side chain of histidine (48) ; similarly, Rothman et al. were able to use the imidazole resonances of homocarnosine to estimate brain pH in epilepsy patients who were receiving vigabatrin (49) . The rate of exchange of the NAA amide protons with water is also pH sensitive and can be used to estimate brain pH (50).
Spatial Localization Techniques

Single-Voxel Techniques
Nearly all single-voxel localization techniques use three orthogonal slice-selective pulses to select a signal from the region ("voxel") where they intersect ( Fig. 9.2a) . Signals from outside the voxel are removed by the use of "crusher" field gradient pulses, alternating the phases of the slice-selective pulses and receiver ('phase-cycling'), and the use of outervolume suppression pulses (51, 52) (53, 54) . Typical voxel sizes for human brain spectroscopy are 4-8 cm 3 .
The "STEAM" sequence (52, 55) (Fig. 9.2b ) uses three 90° pulses to form a "stimulated echo," while the "PRESS" sequence ( Fig. 9 .2c) uses one 90° and two 180° refocusing pulses to create a spin echo. STEAM and PRESS have been compared in detail (56) ; perhaps the biggest difference is that the spin-echo-based PRESS sequence has twice the signal compared to STEAM and is therefore often preferred. However, advantages of STEAM include better slice profiles and higher bandwidth of the 90° pulses, lower RF power requirements, and the ability to obtain shorter echo times. In this regard, STEAM may be particularly advantageous for brain MRS at high field strengths (e.g., above 3 T (35)). Short TE STEAM may be preferable for observing resonances with shorter T 2 s (57), while long TE PRESS (with its superior SNR) should generally be used for resonances with longer T 2 s (such as Cho, Cr, NAA, and lactate).
In vivo MRS performed at high field strengths (e.g., 3 T or higher) is associated with additional technical challenges. For instance, uniform RF transmit (B 1 ) fields become difficult to achieve because of wavelength effects in volume RF coils (58) or when using inhomogeneous surface coils for excitation. In either case, it may be difficult to achieve the desired flip angles in PRESS or STEAM, and the flip angles may vary inside the voxel, resulting in signal loss. To address these problems, adiabatic excitation or refocusing pulses have been implemented in techniques such as "LASER" (localization by adiabatic selective refocusing; 59, 60) ( Fig. 9 .2d) or its simplified version "semi-LASER" (61, 62) (Fig. 9 .2e). The LASER sequence consists of a non-slice-selective adiabatic half-passage 90° pulse for excitation and three pairs of hyperbolic secant (HS) refocusing pulses in three directions for localization. Since a single HS 180° pulse with a slice-selection gradient produces a large first-order phase variation across the spectrum, two consecutive HS pulses are needed to cancel it out (63, 64) . The LASER sequence produces a more uniform excitation profile and takes advantage of the large bandwidths of the adiabatic HS pulses to reduce chemical shift displacement errors. However, the large number of RF pulses used in LASER results in higher RF power requirement and longer TE compared to conventional localization sequences. The semi-LASER sequence consists of a non-adiabatic 90° slice-selective pulse and two pairs of adiabatic HS pulses for refocusing as in LASER; while some insensitivity to B 1 inhomogeneity is lost, this sequence does have reduced RF power and can achieve shorter TE than LASER.
At very high fields for human MRS such as 7 T, apparent metabolite T 2 relaxation times are significantly shorter than at lower field strengths, and it is therefore desirable to minimize the TE of the localization sequence as much as possible. A localization technique dubbed "SPECIAL" (spin-echo full-intensity acquired localized spectroscopy; 65) () combines desirable features such as the full signal intensity of PRESS and the shorter TE of STEAM. The sequence consists of a slice-selective inversion pulse followed by a spin-echo sequence, with each pulse applied in a different direction ( Fig. 9.2f ). The sequence collects fullintensity signal from a 1D strip-like volume defined by the intersection of the selected slices of the 90° and 180° pulses. The slice-selective inversion pulse is applied to every other TR (similar to what is used in the "ISIS" experiment (66)) so that a minimum of two scans are required to achieve full spatial localization. This sequence is a promising technique to investigate compounds with short T 2 s in vivo.
Multiple-Voxel (MRSI) Techniques
While single-voxel MRS can be performed quickly and easily in most parts of the human brain, it provides no information on the spatial variations of metabolites and is generally limited to one or two brain regions in most clinical studies. In contrast, MRSI is usually more time-consuming but can be used to measure multiple-voxel locations simultaneously.
Most often, MRSI is based on signal excitation of a restricted region using the PRESS sequence in combination with phaseencoding in two directions (Fig. 9.3) (55) . This allows B 0 field homogeneity to be optimized on the desired region of interest, limits the number of phase-encoding steps needed for a given spatial resolution, and avoids exciting lipid signals from the scalp. Other methods for lipid suppression are discussed later. Figure 9 .4 shows the results of this sequence from a 3-year-old girl with an idiopathic developmental delay.
However, PRESS-MRSI also has shortcomings, including unreliable spectra at the edges of the PRESS box due to imperfect slice profiles of the 180° pulses, the inability to perform multislice acquisitions (although 3D is possible), and the difficulty in covering to the edges of the brain because of the rectangular shape of the PRESS excitation. An alternative approach is a slice-selective spin-echo sequence that excites a whole transverse slice (Fig.  9 .5) and which can be used in a multi-slice mode (53) . Preceding the spin-echo sequence there are usually multiple, carefully placed OVS pulses to suppress the lipid signals from the scalp (53), as well as the usual water suppression pulses. Figure 9 .6 shows an example of one slice from a multi-slice 2D MRSI data set from a normal volunteer. To minimize artifacts due to residual water and lipid and also field inhomogeneity, MRSI with large spatial coverage is typically performed at long echo time (e.g., 140 or 280 ms).
The multi-slice technique can allow a sufficient number of slices to cover the whole brain but the resulting scan time can be too long with conventional phase-encoding techniques. Specifically, the length of the pulse sequence for each slice is in the range of 0.5-1.0 s including all RF pulses and data acquisition window, which needs to be long enough to gain enough spectral resolution. Four or five such slices interleaved can result in a TR prohibitively long that causes long scan times (67) . 3D-PRESS-MRSI, on the other hand, can also lead to very long scan times if large brain coverage is prescribed. The number of phase-encoding steps (N) is equal to the field of view (FOV) divided by the desired spatial resolution Δ (N = FOV/Δ). Therefore, in order to minimize the scan time (i.e., minimize N) without reducing a desired spatial resolution, it is important to prescribe a FOV as small as possible constrained only by the dimensions of the object to be imaged. In the case of brain imaging, the left-right FOV should be smaller than the anterior-posterior, since the brain (usually of an oval shape) is smaller in this dimension (68) . In general, scan time can be reduced by an additional 25-30% with a reduced FOV in the left-right direction. Generally, if large FOVs and high resolutions are sought in all three dimensions, fast MRSI techniques are required to maintain clinically reasonable scan times.
Fast MRSI Techniques
A number of different approaches for fast MRSI have been developed and reviewed previously (69) . Some of the more frequently used methods are discussed here.
3.3.1. "Turbo" or Fast Spin-Echo MRSI-One of the earliest approaches to fast MRSI was to use a multiple-echo acquisition, with each echo having its own phase-encoding gradient (70) (Fig. 9.7a) . Typically 3 or 4 echoes are used, reducing scan time by a factor of 3 or 4 if the same repetition time (TR) is used as in a single-echo experiment. This approach does suffer from several limitations, however: the spectral resolution is limited by having to keep each echo readout short, while the later echoes suffer from reduced signal due to T 2 relaxation. Compounds with short T 2 relaxation times cannot be observed with this technique. For multiple echoes, the minimum TR is generally longer than for a single-echo acquisition, so that time-savings may be less than expected. For these reasons, multi-echo MRSI has only seen limited adoption in practice, although it has been applied to studies of brain tumors (71).
Echo-Planar (EPSI)
and Spiral-MRSI-In EPSI, an oscillating read gradient is applied during data acquisition so that both spectral and spatial information are collected simultaneously (72) (73) . The oscillating read gradient can be viewed as repeatedly collecting one line of k-space at different time points. Conventional phase-encoding is then applied in the other one or two directions to extend the experiment to either two or three spatial dimensions, respectively (Fig. 9.7b) . The EPSI readout reduces the number of phaseencoding steps by an order of magnitude compared to conventional MRSI, thereby achieving a large scan time reduction. EPSI-encoding can be implemented as 2D multi-slice with spin-echo excitation, or 3D with a PRESS or spin-echo thick slab excitation (74, 75) .
EPSI is one of the fastest acquisition techniques for MRSI, but does have some limitations. High-performance gradient systems are required, and any imbalances between positive and negative gradient lobes can lead to "ghost" artifacts in the metabolic images. This problem can be addressed by processing the readout lines of two opposite directions separately, with subsequent combination of the two data sets after spatial transformation. This solution, however, reduces the available spectral bandwidth, which may already be quite low in EPSI (76) . SNR may also be slightly lower than conventional MRSI recorded in the same scan time depending on the readout gradient waveform and whether ramp sampling is used or not. Because of its speed and much improved post-processing methods, EPSI (also called "PEPSI" (proton EPSI)) has been gaining popularity in whole-brain 3D MRSI (75) and has also been used to study various brain pathologies (77, 78) . Spiral-MRSI is similar to EPSI in that read gradients are applied during data acquisition ( Fig. 9.7c ). In spiral-MRSI, however, gradient waveforms in 2D are applied so that k-space data are sampled from the center to the edge along a spiral trajectory. These gradient waveforms are repeated several times concurrent with the evolution of the readout time in one TR. The k,t-space can be filled using multiple shots to satisfy the desired FOV and spatial and spectral resolutions (79) . Post-processing of spiral-MRSI data usually starts with a "regridding" procedure (80) where raw data are resampled onto a Cartesian k-space grid by interpolation, after which conventional MRSI processing by Fourier transformation can be done. Spiral-MRSI has some unique advantages over EPSI, including the ability to manipulate the point-spread function, scan time, and SNR by varying the sample spacing in k-space with a variable density trajectory (81, 82) . In addition, if the center of k-space is collected at the beginning of every spiral readout, it is possible to correct errors in phase or frequency associated with motion or other processes (83) .
Like EPSI, spiral-MRSI applies a read gradient during data acquisition, so it shares a similar level of dependence on the gradient system performance. EPSI is being applied to clinical applications, but is partly hampered due to lack of commercial availability and the need for dedicated reconstruction software. However, spiral-MRSI has been used to map metabolic abnormalities in patients with multiple sclerosis (84).
Parallel Encoded-MRSI-Parallel imaging techniques originally developed for
speeding up MRI can also be adopted for MRSI (85, 86) . The basic principle is to use the different sensitivity profiles of multiple, phasedarray receiver coils to encode spatial information, so that fewer phase-encoding steps are required, thereby reducing scan time. In the "SENSE" approach, Fourier transformation of under-sampled k-space data leads to "aliased" spectroscopic images from each channel, which can then be unfolded and reconstructed using each coil's sensitivity profile to produce a single spectroscopic image with uniform sensitivity. Alternatively, algorithms such as "SMASH" and "GRAPPA" (87-89) can be implemented to interpolate the missing k-space data points, which are then Fourier transformed as in conventional MRSI. Both "SENSE" (90) and "GRAPPA" (91) MRSI have been successfully implemented in humans.
Reducing scan time using parallel encoding is an attractive option since it can be performed with any existing MRSI pulse sequence. 2D-and 3D-MRSI involve phase-encoding in multiple directions, so SENSE-encoding can also be performed in 2D or 3D (provided that receive arrays with appropriate geometry are available) leading to large scan time reductions (90) . An example of a multi-slice MRSI scan with a SENSE factor of 6=3×2, in AP and RL directions, applied using a 32-channel head coil, is shown in a patient with a brain tumor in Fig. 9 .8. This scan took 5:05 min; with conventional phase-encoding, scan time would have been more than 30 min. Scan times on the order of 1-2 min can be achieved by combining SENSE-MRSI with other fast MRSI techniques, such as Turbo MRSI (92) or EPSI (93) , as long as sufficient SNR is available.
Parallel MRSI also has some potential problems. Errors in the coil sensitivity profiles and/or use of too high SENSE factors will lead to incomplete unfolding of MRSI data and the presence of artifacts. Unfolding of strong peri-cranial lipid signals is particularly challenging; successful SENSE-MRSI requires the application of efficient lipid suppression techniques (94) (see later).
Other Approaches to MRSI of the Brain
Other approaches to MRSI of the brain exist that are based on a t 1 evolution period (as in high-resolution 2D NMR spectroscopy) to encode spectral information, with a fast imaging readout to determine spatial information. Scan times for these methods depend on the number of t 1 values required to obtain sufficient spatial resolution and may be relatively short compared to conventional MRSI. These methods show promise in small animal studies, but for the most part have not been applied in humans. The sensitivity may be somewhat lower than in conventional MRSI because of the T 2 signal decay that occurs during t 1 time period. However, they do offer some unique advantages, such as using a constant evolution time with a sliding refocusing pulse, to produce "homonuclear decoupled" proton brain spectra (95).
Water and Lipid Suppression
Brain metabolites observed by MRS are in the millimolar concentration range, while brain water is approximately 80 M. Lipids in scalp tissue are also present in very high concentrations. Therefore, efficient water suppression (and lipid suppression for MRSI) is vital for the reliable observation and measurement of brain metabolites.
The most common method for water suppression is to presaturate the water signal using frequency-selective saturation pulses applied prior to the localization sequence ("CHESS") (96) . Multiple CHESS pulses with optimized flip angles and delays can be used to give good suppression factors over a range of transmit B 1 values and water T 1 relaxation times (which is important for the suppression of both brain water and CSF) (97, 98) . For example, the "WET" scheme employs up to four Gaussian pulses (98) , while the "VAPOR" scheme consists of seven pulses (57) . Occasionally, it may be desirable to perform water suppression during the localization sequence, either opposed, or in addition, to presaturation. For instance, a water suppression pulse can be placed in the STEAM sequence between the second and third 90° pulses because the magnetization of the stimulated echo pathway is stored along the Z-axis during this time period. This can be used to improve suppression compared to presaturation only. It is also possible to include frequency-selective refocusing pulses inside a localization sequence to improve water suppression (e.g., the "MEGA" or "BASING" sequences) (99, 100).
Lipid suppression is commonly performed in three different ways. One method, to suppress lipid signals in the scalp, is to use spatial outer-volume suppression (OVS) pulses (Fig. 9.5 ) (53). Alternatively, an inversion recovery scheme can be used, taking advantage of the difference in T 1 values between lipid (typically 300 ms at 1.5 T) and metabolites (1,000-2,000 ms) (101) . At 1.5 T, an inversion time of 200 ms (= T 1 * ln [2] ) will selectively null the lipid signal, while most of the metabolite magnetization remains inverted. This method can suppress lipid signals anywhere in the brain because no assumption is made about the spatial distribution of the lipid, but may somewhat reduce metabolite SNR. Finally, lipid suppression may also be performed using frequency-selective saturation pulses, similar to frequency-selective water suppression techniques such as CHESS (94) . Recently, methods have been designed which combine both water and lipid suppression into a single, dual band approach (94, 102, 103 ).
Spectral Editing Techniques
As mentioned above, certain molecules, such as GABA or glutathione, are almost totally obscured in conventional brain MRS by signals from other compounds which are present at much higher concentrations. "Spectral editing" techniques are required in order to detect these molecules while suppressing the signal from the unwanted compounds. A commonly used sequence for this purpose is the so-called "MEGA-PRESS" sequence ( Fig. 9.9 ). Spectral editing makes use of molecules which contain "coupled" spin systems -the presence of coupling (J, measured in Hz) between functional groups allows the signal on one group to be modulated by applying a selective radiofrequency pulse on the other. For instance, for GABA, setting the frequency of the selective editing pulse to 1.9 ppm resonance of GABA will refocus the outer two peaks of the 3.02 ppm GABA pseudo-triplet. A second scan is performed without the selective pulse, and with TE=1/J (68 ms), the unaffected modulation results in two inverted peak (the outer two lines of the triplet) at 3.02 ppm. By subtracting the first scan from the second, the 3.02 GABA resonance can be selected (Fig. 9.10a) (99) . For glutathione, the resonance at 2.95 ppm can be observed with the selective editing pulse set to 4.56 ppm and TE of 130 ms (Fig. 9.10b) . A similar approach (called the "BASING" sequence) can be used to selectively detect brain lactate without contamination from lipids, making use of the coupled lactate resonances at 1.3 and 4.1 ppm (104).
Data Analysis and Quantification
The concentration of a metabolite is linearly proportional to its spectral peak area. However, peak area measurements in in vivo spectroscopy are complicated by resonance overlap, baseline distortions, and non-ideal lineshapes and will also depend on factors such as relaxation times, pulse sequence used, and scanner hardware (e.g., receiver gain, coil loading). Various methods have been used to measure peak areas, ranging from simple integration, to fitting algorithms in the time-or frequency domains (105, 106) . One of the more widely used methods for spectral quantitation in recent years is the linear combination model ("LCModel") method developed by Provencher et al. (107) (Fig. 9.11 ). The LCModel fits the in vivo spectrum as a combination of pure, model spectra from each of the expected compounds in the brain (107) . The model also includes automatic phase correction and baseline correction, or the baseline may also be modeled as a combination of macromolecular resonances. Provided that each scanner is properly calibrated with the appropriate model solutions, the program returns metabolite concentrations (relative to an unsuppressed water signal) as well as estimates of uncertainty (e.g., Cramer-Rao lower bounds).
Quantification methods based on internal or external standards have been extensively developed and tested for single-voxel spectroscopy (108) . With care, it is also possible to quantify spectroscopic images (109) . Many studies, however, do not attempt to quantify metabolite concentrations, but rather report relative amounts (ratios) of each metabolite, often using Cr as a reference. While ratios have some inherent advantages, for instance to account for partial volume effects or to enhance spectroscopic "contrast" in conditions where metabolites may change in opposite directions (e.g., Cho increases, NAA decreases), they also may be misleading if all metabolites are changing simultaneously. In particular, Cr shows quite marked regional variations (24) , and often changes in pathology, so caution should be used when interpreting ratios of metabolites to Cr.
Conclusions
MRS and MRSI are mature techniques that are very commonly used for research studies in both humans and animal models. The protocols described in this chapter represent the most widely used and validated techniques currently used, but are by no means comprehensive. MRS protocol development, particularly for high-field applications, hyper-polarization, and fast MRSI techniques continue to be an active area of research investigation. 3 T PRESS brain spectra recorded from a 2-year-old boy with TE 135 ms (a) and TE 30 ms (b) at the level of the centrum semiovale with a nominal voxel size of 1.5 cm 3 . In the long TE spectrum, signals are present from choline (Cho), creatine (Cr), and N-acetylaspartate (NAA), while in the short TE spectrum additional signals from myo-inositol (mI), glutamate and glutamine (Glx), and lipids (Lip) are present. Single-voxel localization techniques: (a) spatial localization is achieved by collecting signals from the intersection of three slice-selective RF pulses applied in orthogonal directions; (b) the STEAM sequence, consisting of three 90° slice-selective pulses; (c) the PRESS sequence, consisting of a slice-selective 90° excitation pulse and two 180° sliceselective refocusing pulses; (d) the LASER sequence, which uses a non-slice-selective adiabatic half-passage excitation pulse, followed by three pairs of hyperbolic secant 180°r efocusing pulses; (e) the semi-LASER sequence, which uses a slice-selective 90° excitation pulse and two pairs of hyperbolic secant 180° refocusing pulses; (f) the "SPECIAL" pulse sequence, which uses an alternating slice-selective 180° inversion pulse (every second average) in combination with a 90°-180° bar-selective spin echo. 2D-PRESS-MRSI pulse sequence. A PRESS sequence is used to excite a large volume of brain tissue while excluding signal from lipid in the scalp and/or regions of poor field homogeneity, and then phase-encoding gradients (in blue, G Y and G Z ) are used to localize spectra from regions within the excited region. A CHESS prepulse and crusher gradient are applied for water suppression. Crusher gradients applied around the 180° refocusing pulses are also shown. A multi-slice 2D-MRSI pulse sequence. A slice-selective spin echo is preceded by an optimized water and lipid suppression scheme ("HGDB"), including outer-volume suppression (OVS) pulses (8, indicated in red) for spatial suppression of scalp signals (103).
2D phase-encoding gradients (blue) are applied on G Y and G Z . In this example, three slices are collected within one repetition time (TR). Gradients associated with the water and lipid suppression are omitted for clarity. Example data from one slice (at the level of the lateral ventricles) of a multi-slice 2D-MRSI data from a normal human subject recorded at 3.0 T using the pulse sequence of Fig. 9 .5. TR 2.5 s, TE 140 ms, nominal voxel size 0.65 cm 3 . In addition to the T 1 -weighted MRI scan, spectroscopic images of choline, creatine, and N-acetylaspartate and selected spectra from the left and right hemispheres are shown. Different readout strategies for fast MRSI pulse sequences. In the examples shown here, all three sequences use spin-echo excitation preceded by CHESS water suppression and OVS lipid suppression, although other excitation and suppression sequences can be used. (a) In fast spin-echo ("turbo") MRSI, multiple spin echoes are acquired, each one with its own phase-encoding gradient; (b) in echo-planar spectroscopic imaging (EPSI), an oscillating read gradient is applied during data acquisition; and (c) in spiral-MRSI, two oscillating read gradients are applied during data acquisition. For full 3D-encoding, conventional phaseencoding gradients can be applied in the remaining directions. Pulse sequence for spectral editing ("MEGA-PRESS"). Frequency-selective editing pulses are added (blue) to the conventional PRESS sequence on alternating scans. The TE (= TE 1 + TE 2 ) is set equal to 1/J for doublets. Subtraction of alternating scans causes cancellation of all signals not effected by the editing pulses, leaving only the target edited molecules. Examples of (a) GABA-and (b) glutathione-edited spectra using the MEGA-PRESS pulse sequence. TR 2 s, voxel size 3.5×3.5×3.5 = ~43 cm 3 , centered on the anterior cingulate gyrus, with TE 68 ms for GABA and 130 ms for GSH. Scan time was 8 min 32 s for GABA and 17 min 4 s for GSH. Note that in (a) glutamate/glutamine (Glx) coedit with GABA, and in (b) the aspartyl resonances of NAA coedit with GSH. An example of the "LCModel" analysis method. The experimental data are fit as a linear combination of spectra of pure compounds recorded under the same experimental conditions as the in vivo spectrum. Automated baseline and phase correction is performed, and an estimate of metabolite concentrations provided relative to the brain water signal. In this example of a 2×2×2 cm PRESS spectrum recorded at 3.0 T from a normal control subject (TR/TE/number of averages = 2,000/35/128), the difference between the original data and the curve-fit (red) is shown in the top trace. Metabolite concentrations in blue correspond to those with an estimated uncertainty of less than 20%. 
